Abstract-A microwave tomographic scanner for biomedical applications is presented. The scanner consists of a 64 element circular array with a useful diameter of 20 cm. Electronically scanning the transmitting and receiving antennas allows mnltiview measurements with no mechanical movement. Imaging parameters are appropriate for medical use: a spatial resolution of 7 mm and a contrast resolution of 1% for a measurement time of 3 s. Measurements on tissue-simulating phantoms and volunteers, together with numerical simulations, are presented to assess the system for absolute imaging of tissue distribution and for differential imaging of physiological, pathological, and induced changes in tissues.
I. INTRODUCTION ORMING images of the human body using ionizing F radiation has been a part of the diagnostic process in medicine for many years. More recently, other probing radiations, notably ultrasound, have provided successful diagnostic images. Tomography is now in widespread use in the clinic with ionizing radiations (X-ray, isotopes) and with nuclear magnetic resonance imaging. In the past few years, other probing radiations have been considered for tomography, including ultrasound [ 11, [2] , very low-frequency electromagnetic fields in electrical impedance tomography [3] , and microwaves [4] , [5] .
Active microwave imaging consists of illuminating the body to be imaged with a low-power coherent microwave field and measuring the field scattered by the body on the opposite side (transmission imaging) or on the same side (reflection imaging) as the illuminator. The measured data can be processed using specialized reconstruction algorithms to give information on the complex dielectric permittivity of the scattering body. In microwave imaging, the complex electromagnetic field is measured and the reconstruction is also complex, thus much information is available and different parameters can be represented in Manuscript received August 8 , 1988; revised May 8 , 1989. image form. Microwave imaging has some potentialities, mainly resulting from the specificity of the interaction mechanisms with the living tissues, different from those encountered in any other technique. Additional advantages include the fact that the probing radiation is not harmful at the low powers employed, and that the technology is that used in the communications field and thus is easily available and relatively inexpensive. The human body exhibits large variations in the dielectric properties of its various tissue types (Table I) . For this reason, microwave diffraction tomography is expected to give information on the distribution of tissue types within the body in image form. This type of imaging is known as absolute imaging. In addition, the dielectric properties of tissue can vary substantially with alterations in the physiological parameters, such as blood flow [6], or with externally induced alterations such as tissue temperature during hyperthermia treatment of cancer [7] . Performing differential imaging is therefore expected to give information on these alterations.
The microwave frequency chosen for imaging of biological objects is a compromise between the losses in tissue and the spatial resolution, which is approximately half a wavelength in the surrounding medium. The useful range is found to be 1-4 GHz depending on the considered application. Among the reasons for the late development of microwave imaging were the a priori ideas about the difficult penetration of microwaves in living tissues, their high attenuation, and their poor resolution. Larsen and Jacobi [8] solved this problem by submerging the body to be imaged in a medium with similar electrical properties, in that case water, improving the spatial resolution by around nine times while simultaneously matching the incident illumination to the body. They produced the first images of biological objects (isolated canine kidneys), the microwave images showing up the internal structure well. Ermert and Dohlus [5] performed computer simulations and measurements on cylindrical objects using mechanically-scanned antennas in order to assess microwave diffraction tomography for imaging of biological objects. Their conclusions were fairly pessimistic due to the breakdown of the approximations used in the reconstruction algorithms for high-contrast objects 0018-9294/90/0300-0303$01 .OO O 1990 IEEE into which category falls the human body. This problem remains the greatest limitation of this technique. An additional drawback of their measurements was the use of a mechanically-scanned measurement system which led to very long measurement times. Fast techniques for measuring microwave fields have been considered [9] , [lo] . Bolomey et al. developed a planar system for producing tomograms of submerged bodies and isolated animal organs were again successfully imaged. Subsequent measurements on phantoms and biological objects, in addition to new methods for interpreting data, have shown the possibility of using this technique to produce absolute images of limbs and also differential image useful for monitoring hyperthermia treatments [ 
Research in medical imaging began in Barcelona in 1982, in close agreement with the approach of Bolomey [ 131. In 1985 the work was addressed towards a cylindrical microwave scanner, with a first prototype system being completed in 1986 [ 141. Since then studies have been carried out to assess the imaging capability of the system for biomedical applications [ 151.
11. THE CYLINDRICAL MEASUREMENT SYSTEM The prototype measurement system is shown in Fig. 1 . A ring of antennas is placed around a tank filled with deionized water into which the object is placed [ 161. The water is necessary for matching purposes and to improve the system spatial resolution. The antenna array consists of a circular array of 64 water-loaded waveguide antennas, flared in the E plane forming a conformed sectorial horn (2.5 cm height, 2.5 cm length) providing a collimated field pattern of about 2 cm in the vertical plane. In the H plane the antenna is an open waveguide with a quasiomnidirectional field pattern. The array is divided into four sectors of 16 antennas. Each subarray of 16 elements has a one-to-16 multiplexer consisting of a tree of p-i-n diodes, allowing one element at a time to be selected. The antennas are connected to the emitlreceive equipment through a nonreciprocal two-to four-way switching matrix, allowing selection of each sector as emit or receive.
The emitlreceive subsystem provides an emitted signal of one watt at 2.45 GHz at its output, giving a power density of less than 0.1 mW/cm2 at the body, and receives with a noise figure smaller than 3 dB. A coherent phase quadrature detector allows the measurement of the magnitude and phase of the signal from the selected receive antenna. The system employs the method of modulation and synchronous detection to give a high sensitivity, and minimize unwanted coupling.
The data acquisition routine consists in addressing one of the 64 antennas as emitter and then scanning the scattered field with the elements belonging to the half array opposite the emitter antenna. This procedure is sequentially repeated for each emitter until one revolution is completed. The acquisition is controlled by a 32 bit HP 320 microcomputer which also addresses the A/D converters to digitize the data. The microcomputer performs the reconstruction of the image, Section 111, with a processing time of 37 s and finally displays the result in a high-resolution color screen. The complex value of the image can be displayed in several formats as magnitude/ phase or real/imaginary parts. A linear correspondence relates the image values from minimum to maximum to a colour scale going from blue to red. Before a measurement is performed, the system is calibrated by comparing the field diffracted by a known object (a centrally-located metal cylinder) with theoretically calculated values. The object is then placed centrally in the water tank, and a measurement performed. The system imaging parameters are given in Table 11 . The minimum object permittivity change detectable (contrast resolution) and the minimum object temperature change detectable (temperature resolution) refer to experimentally measured values in the water tank, with a measurement time of 3 s. The spatial resolution is given theoretically as a consequence of the algorithm. In practice, the spatial resolution is slightly deteriorated due to a low-pass filter effect resulting from the attenuation of high-order spatial frequencies and is measured to be around 10 mm. For differential imaging, it is often convenient to perform the measurement rapidly. Using an integration time of 1.5 ms per measurement the acquisition is completed in 3 s. For absolute imaging the measurement time is not very crucial, the limit being the time for which a patient can remain still, say one minute. Component settling times can be extended to improve system stability and measurements can be averaged to reduce noise. For the measurements of phantoms presented in Sections V and VI, a total measurement time of 45 s was used. 
RECONSTRUCTION ALGORITHMS
The reconstruction algorithm is formulated in two dimensions and makes use of the Born approximation, which assumes that the scattering acts as a small perturbation on the illumination, and therefore the field within the body is approximated by the incident field. The spectrum of the planewave induced currents in the object is obtained from measurements on a circular line with a set of cylindrical wave illuminations. This is realized with a double convolution operator, efficiently implemented as a double product in the spectral domain [17] . The first convolution synthesizes an incident plane wave as a superposition of cylindrical waves generated by point sources. Using the reciprocity theorem, the planewave scattering amplitude can be obtained from a second convolution of the scattered fields, measured along a cylindrical array. In this way, the problem is reduced to a conventional reconstruction in linear geometries [ 11, [ 181, [ 191 where, assuming weak scattering, the spectral domain of the object is filled in arcs of radius KO where KO is the wavenumber in the embedding medium. This means that the imaged object is a low-pass version of the original, with a resolution of approximately half a wavelength. Unfortunately, most biological bodies cause the breakdown of the Born approximation due to their high contrast characteristics and large size in terms of wavelengths. For this reason the absolute image obtained is qualitative, i.e., does not reconstruct the original permittivity values, although the image still supplies information on the internal structure of bodies. Differential imaging, Section VI, is carried out by processing the difference between the scattered fields of the reference and perturbed objects. This is equivalent to subtracting images, given the linearity of the algorithm. Differential techniques allow the visualization of small changes in objects which are far beyond the limit of the Born approximation [ 151, [20] .
The reconstruction is obtained in two complex formats, either directly as object permittivity or as object profile, defined as o = 1 -E (~) / E o , which shows the contrast between object permittivity E ( r ) and the permittivity of the embedding medium E O . Fig. 3 shows a phantom simulating a child's head. The geometry was based on X-ray CT scan data and the dielectric properties taken from the literature [24] , [25] . The phantom consists of a plaster outer shell to simulate bone, with a gel simulating gray brain matter and a liquid (water and oil mixture) the properties of white brain matter. Phantoms of limbs have also been constructed.
IV. BIOLOGICAL MODELS
V. ABSOLUTE IMAGING Absolute imaging implies taking single frame data sets to reconstruct images which contain information on the tissue structure of the object. Fig. 2 shows an absolute image of a human forearm. The pseudocolor scale represents linearly the range between minimum and maximum values in the reconstruction. The imaginary part of the complex permittivity image clearly shows the radius and ulna, the superficial fat layer and some less clearly-defined internal features. The values of permittivity are incorrectly reconstructed, due to the fact that the object falls outside the region of validity of the Born approximation. In particular the high contrast between the real part of permittivity of bone: 8 and muscle: 50, appears as compressed between 65 and 92 around the water permittivity. For the imaginary part the effect is not so serious due to the lower contrast of the imaginary parts. Fig. 4 shows the ideal reconstruction of the permittivity of a numerical head model. In practice the present first order algorithm does not show the internal structure of the model due to its high contrast and large size. Such problem with the algorithm effectively limit, at the moment, absolute imaging to the limbs. A large research effort is being carried out worldwide to improve reconstruction of microwave diffraction data [26]- [30] , and it is hoped in the future to use this technique for absolute imaging of the brain since the substantial difference in permittivity values between different soft tissues should allow them to be easily distinguished. Fig. 5(a) show the arrangement of a preliminary experiment to estimate the temperature sensitivity of the system. A rubber tube 0.05 mm thick and 3 cm internal diameter was placed off center in the water tank. Water from an external temperature tank was pumped through the tube, whilst the surrounding medium was maintained at To = 24°C. Fig. 5(b) shows a differential image corresponding to a temperature change of AT = 2°C ( T = To + A T ) , the graph, Fig. 5(c) , showing the linear relationship between the differential image values and temperature change ( A T ) . The temperature resolution was experimentally found to be 0.5"C. It is expected that in a more lossy and diffracting medium such as the human body, the temperature resolution would deteriorate. However, this measured resolution is comparable with phantom results reported for other imaging techniques being considered for noninvasive temperature monitoring in hyperthermia [3 13, [32] . 
VI. DIFFERENTIAL IMAGING A . Thermal Change Imaging

B. Blood Content Imaging C. Diferential Imaging of the Head
In order to demonstrate the capability of imaging blood content variations, the blood content of the arm of a volunteer was varied. After holding the arm in the air to remove as much blood as possible, a pressure cuff was applied to the upper arm and pressurized to above the systolic pressure. The arm was then placed in the tank and after taking three images, the cuff was released to just above the diastolic pressure thus increasing the blood content of the arm with time. Images were taken at the rate of one every three seconds for the next 90 s. After 70 s, the cuff pressure was released completely, allowing the blood content to begin to return to normal. The series of images (Fig. 6) shows a linear increase in the maximum image value until the cuff is released completely, when the image values began to fall. The images show a gradual development and change of position of the maxima.
Reconstructions of numerically simulated data for the head were performed. The forward scattered fields were calculated on a circular measurement array identical to that of the prototype system assuming the object is immersed in water, using an iterative conjugate gradient method [33], [34] . The numerical model of the head is identical to the phantom (Fig. 3) but includes an outer skin layer of 5 mm thickness. Fig. 7 shows a change in the dielectric properties of the whole brain. This differential image has been obtained by processing the change of the scattered field produced by the actual head and a reference one obtained using a priori information, in this case the contour, skin, and bone permittivities and an average permittivity for the brain. The internal form of the brain model can be recognized in the image. For Fig. 8 the permittivity values of three small areas within the brain were changed by 1 %, showing that small changes in the dielectric properties of the brain can, in simulations, be successfully imaged. Fig. 9 shows a measured differential image of the head model, changing the inner section of the brain from a white matter equivalent to water. The reconstruction shows up well the extension and form of the change. In Fig. 10 , a small hemorrhage in the right posterior section of the white matter is created by adding a small gel block with the dielectric properties of blood. The image represents well the position of the hemorrhage with respect to the brain visualized in Fig. 9 , although with some artifacts.
VII. DISCUSSION AND CONCLUSION
The results presented show the capability of the prototype system for absolute imaging of smaller biological bodies (e.g., limbs) with differential imaging of induced temperature changes and blood flow changes. Numerical simulations and measurements on a head phantom show the potentiality of the system to visualize alterations within the brain.
Possible clinical applications are being sought by the authors. Suggested applications include the visualization of blood content changes in the limbs with applications in detecting thromboses since regions with poor blood supply would show smaller changes in permittivity. A cardiac gating system is presently being added to the imaging system and should improve the imaging of blood flow. Results show that imaging changes within the brain should be possible with the present algorithms. One possible application would be to detect brain hemorrhaging in neonates, although this application is expected to bring many additional practical problems. Visualization of regional blood-flow variations within the brain due to increased specific brain activity appears feasible but will require an increase in system sensitivity. Absolute imaging of the brain will require improvement of the reconstruction algorithms.
The present system of employing a water tank is convenient for the imaging of limbs, but evidently cannot be used when the head is to be imaged. A possible solution consists of employing a bolus or water-filled bag which fits between the antennas and the head. This system was successfully employed in the early X-ray head scanners to avoid the large jump in density between the tissue and the surrounding air. As in these X-ray scanners, the bag would also serve to hold the head stationary during the scan. In a future design, the matching medium could be dispensed with altogether if contacting (possibly microstrip) antenna were placed directly in contact with the tissue.
In conclusion, a microwave scanner for rapid tomographic imaging of the body has been produced. The system has no mechanical movement and patient microwave radiation levels are below the safety standards for long exposure. The technology used is readily available and relatively inexpensive. Research will continue to improve reconstruction algorithms, increase system sensitivity, and to assess the system for clinical applications.
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